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Abstract The distribution of macroinvertebrates in
the heads and tails of riffles were examined in an
in situ field experiment under stable baseflow condi-
tions. Paired colonisation cylinders were used to
examine the influence of vertical hydraulic exchange
(upwelling and downwelling) and horizontal intersti-
tial flow on the patterns of sedimentation and inver-
tebrate colonisation. Sedimentation rates were greatest
in cylinders permitting vertical and horizontal flow
(VHE cylinders), and were significantly lower (29%)
in cylinders where only vertical flow and ingress of
fine sediment were possible (VE cylinders). The
results demonstrate that horizontal interstitial flows
represent an important pathway for fine sediment
transport. Differences in fine sediment accumulation
were also observed between riffle heads and tails.
Significantly higher sedimentation rates were recorded
in riffle tails, with the macroinvertebrate communities
characterised by larger proportions of fine sediment
tolerant taxa. In contrast, riffle head communities were
characterised by greater proportions of sediment
sensitive taxa, and in the case of VHE cylinders,
shredders and EPT taxa. The results demonstrate that
spatial differences in fine sediment deposition are
evident at the riffle scale as a function of vertical and
horizontal subsurface flows and that these factors play
a key role in the distribution of macroinvertebrate
fauna.
Keywords Hydrological exchange  Upwelling and
downwelling water  Invertebrate  Hyporheic zone 
Sediment traps  Infiltration rates
Introduction
The distribution of macroinvertebrates in lotic ecosys-
tems is typically patchy, reflecting spatial patterns
which are structured by physical templates such as
flow velocity (Quinn et al., 1996; Lancaster et al.,
2009), substratum composition, (Dudgeon, 1982; Xu
et al., 2012) and trophic processes (Culp et al., 1983;
Miserendino & Masi, 2010). In addition, there is
increasing recognition of the importance that vertical
hydraulic and horizontal interstitial flows play in
controlling these factors and their direct influence
upon invertebrate communities (Dole-Oliver & Mar-
monier, 1992; Krause et al., 2011).
Historically there has been considerable research
interest in the factors influencing the spatial distribu-
tion of benthic faunal communities from the
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catchment or sub-catchment scale (e.g. Rice et al.,
2001; Bletter et al., 2015; Bona et al., 2015) through to
the microhabitat distribution of fauna (Brooks et al.,
2005; Giri et al., 2010). At intermediate scales,
encompassing channel reaches and morphological
units such as pool and riffle sequences, highly variable
spatial distribution patterns have been reported (e.g.
Logan & Brooker, 1983; Brown & Brussock, 1991;
Schmera & Eros, 2011; Curry et al., 2012), although
very few studies have considered the influence of the
vertical hydraulic exchange or interstitial flows on
macroinvertebrate composition (Hose et al., 2005;
Davy-Bowker et al., 2006).
Within lowland streams and rivers, at the scale of
riffle-pool sequences, water in the open channel may
frequently enter the riverbed and mix/exchange with
subsurface water (groundwater) within interstitial
spaces. A reduction of channel depth typically forces
water into the sediments at the heads of riffles resulting
in downwelling water. The water passes through the
interstitial spaces of the sediments (vertically and
horizontally) in a downstream direction, until at the
tail of the riffle, increasing water depth produces a
zone of low pressure forcing water out of the
sediments and into the open channel (Tonina &
Buffington, 2009; Hassan et al., 2015). However, flow
paths are often complex and interstitial flow may vary
as a function of river stage, especially high flow events
(Ka¨ser et al., 2009; Dudley-Southern & Binley, 2015).
Additionally, localised areas of upwelling and down-
welling water may occur as a consequence of instream
biogenic features such as coarse woody debris (CWD)
or macrophyte stands (Piegay & Gurnell, 1997; White
& Hendricks, 2000; Lautz et al., 2006). The resulting
vertical exchange of water into and out of the riverbed
is spatially and temporally dynamic, leading to a
mosaic of patches which are characterised by differing
porosity, permeability, connectivity and physico-
chemical conditions (Ka¨ser et al., 2014; Sebok et al.,
2015).
Vertical hydrological exchange is one of the
primary controls on fine sediment deposition, storage
and flushing within riverbed substrates. The accumu-
lation of fine sediment is not uniform, reflecting the
makeup of the sediment matrix, patchiness of
hydraulic exchange and availability of fine sediment
(Boano et al., 2007). Increases in fine sediment
infiltration and deposition has the potential to reduce
the porosity of the substratum, leading to a decline in
vertical hydraulic flow and a reduction in the transport
of organic matter, nutrients and dissolved oxygen (Bo
et al., 2007; Simpson & Meixner, 2012). Substrate
characteristics and hydraulic exchange have been
identified as two of the most important factors driving
interstitial invertebrate community composition
(Brunke & Gonser, 1999; Mathers et al., 2014).
Substrates characterised by high fine sediment loads
are typically associated with limited hydraulic con-
nectivity, reduced habitat quality and communities
dominated by a limited pool of taxa which may feed on
and/or burrow into the fine sediment deposits (Brunke,
1999; Descloux et al., 2013, 2014).
Despite significant advances in our understanding
of how hydraulic exchange and associated sediment
dynamics influence benthic invertebrates under labo-
ratory conditions, (Nogaro et al., 2006; Jones et al.,
2015), evidence from the field remains limited (Mar-
monier et al., 2010, 2012). Riffle scale variability in
hydraulic exchange (upwelling, downwelling and
horizontal flows) may be an important influence on
the spatial distribution of benthic invertebrates (Pepin
& Hauer, 2002; Capderry et al., 2013) which has
received limited attention to date (Grimm et al., 2007;
Krause et al., 2011). Studies which have investigated
riffle scale variability in invertebrate distributions
suggest that community composition differs signifi-
cantly between riffle heads and tails, with both
abundance and family richness being greatest at riffle
heads (Pepin & Hauer, 2002; Davy-Bowker et al.,
2006). Brown & Brown (1984) reported a strong
correlation between some taxa with distance from
riffle head, suggesting the presence of longitudinal
distribution patterns within riffle units. Although there
has been significant advances in understanding the
structure of invertebrate communities at differing
spatial scales (Mykra et al., 2007), the influence of fine
sediment content and dynamics at the habitat (riffle)
scale on the distribution of benthic invertebrate
populations requires further elucidation though the
use of field experiments (Davy-Bowker et al., 2006;
Descloux et al., 2013, 2014).
This study sought to examine how fine sediment
deposition varied under stable baseflow conditions
between experimental colonisation cylinders subject
to:
(a) Vertical hydraulic exchange (upwelling and
downwelling);
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(b) Vertical and horizontal interstitial hydraulic
exchange
In addition the study sought to; (c) examine how the
pattern of fine sediment and hydraulic exchange
(upwelling, downwelling and horizontal) influenced
macroinvertebrate community composition in the
heads and tails of riffles.
Materials and methods
Study site
Black Brook (52760N,-1320E) is a small regulated
stream located west of Loughborough (Leicestershire,
UK). The river, which rises at a height of 250 m, flows
into the River Soar, a tributary of the River Trent
(NRFA, 2013). The catchment is underlain by Pre-
Cambrian volcanic and intrusive igneous rocks cov-
ered by Triassic Mercia Mudstones and boulder clay
(Greenwood et al., 2001). The river predominantly
drains pastoral agricultural land before flowing
through the town of Loughborough (UK). Study sites
were located 800 m downstream of a small headwater
reservoir (Black Brook Reservoir) to the west of
Shepshed. Five riffles located within a 1200 m reach
in agricultural land and which were largely shaded by
deciduous trees were examined in detail during spring
2013. Hydrological data from a local gauging station
on the River Soar (Kegworth, 52 820N,-1270E)
indicated that the study coincided with a period of
stable water levels that were not influenced by high
flow events (Fig. 1).
Experimental design and invertebrate sampling
The study employed two variations of the standard
colonisation cylinder for the determination of fine
sediment deposition and associated invertebrate com-
munities (Fraser et al., 1996). Open ended PVC
colonisation cylinders (diameter 65 mm, height
200 mm) were assigned to one of two treatments
(Fig. 2): (1) a solid PVC cylinder which allowed
vertical exchange of flow (upwelling and down-
welling) and fine sediment (hereafter referred to as
VE cylinders–vertical exchange) or; (2) the ‘standard’
perforated colonisation cylinder design, which con-
sisted of twelve horizontal holes (diameter 6 mm) to
facilitate horizontal invertebrate colonisation (Fraser
et al., 1996; Pacioglu et al., 2012; Descloux et al.,
2013) and permit both horizontal and vertical
exchange of flow and fine sediments (referred to as
VHE cylinders–vertical and horizontal exchange). All
cylinders were filled with prewashed *1 kg of
uniform size clasts (10 mm) to allow direct compar-
ison of grains deposited within the cylinders during the
experimental period and were enclosed in a net bag
(7 mm aperture).
Cylinders were inserted into the river bed by
threading the PVC cylinders onto a steel pipe
(35 mm diameter) and driven into the bed sediments.
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Cylinders were inserted flush with the sediment
surface to a depth of 200 mm. The surrounding stream
bed remained unchanged and consisted of non-
uniform cobbles and gravel. Cylinders were left
in situ for 21 days, sufficient time to allow for
colonisation by invertebrates and for fine sediments
to accumulate (Schmid-Araya, 2000; Bo et al., 2007;
Pacioglu et al., 2012). Five of each colonisation
cylinder design were installed in both the riffle head
and tail, providing a total of twenty colonisation
samples at each riffle site (100 cylinders in total). A
total of nine cylinders were lost during the experi-
mental period reducing the total number of replicates
to 91 (46 VHE cylinders and 45 VE cylinders). At the
end of the experimental period, cylinders were care-
fully removed from the river by lifting both the PVC
cylinder and net bag (containing the gravel clasts)
simultaneously to minimise the loss of fines and
invertebrates with a 250 lm net held directly down-
stream to catch any material mobilised during extrac-
tion. All invertebrate samples were preserved in the
field in 10% formaldehyde and returned to the
laboratory for processing and identification.
Environmental variables
Vertical hydraulic exchange was measured using
mini-piezometers (Lee & Cherry, 1978) at the riffle
head and tail of each site. These consisted of two open
ended PVC pipes (21 mm internal diameter). The
piezometer pipe comprised small perforations (two
4.5 mm holes at the base of the pipe) to enable
communication with the saturated sediments and
represented the water table level (Boulton, 2007).
These pipes were inserted into the river bed to a depth
of 200 mm (equivalent to the colonisation cylinders)
by driving a stainless steel T-bar into the river bed
(Boulton & Stanley, 1995; Wood et al., 2010). The top
of the pipes were left protruding the water level and
left to equilibrate for 24 h before use (Baxter et al.,
2003). The second pipe (stage well) had solid walls
and was held in the water column (at exactly the same
Surface 
flow
Benthic 
sediments
Sub-surface 
sediments
Horizontal 
subsurface flow
Vercal 
exchange
Fig. 2 Conceptualisation
of colonisation cylinders
in situ, highlighting
colonisation and
hydrological exchange
pathways (vertical and
horizontal)
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height as the piezometer tube), but did not come into
contact with the river bed, thus enabling measurement
of the river stage level. The direction of vertical
hydraulic exchange (vertical hydraulic gradient;
VHG) was obtained through the comparison of water
level depth (from the top of the pipe) via an electric
dipstick [Eq. (1)]. VHG represents downwelling water
if Eq. (1) produces a negative value and upwelling
water if a positive value is obtained.
VHG ¼ stage depth water table depth: ð1Þ
Laboratory procedures
In the laboratory, the contents of the colonisation
cylinder samples were passed through 4 and 2 mm
sieves to remove the artificial substrate. The remaining
sediment was passed through a 250 lm sieve to retain
invertebrates and larger clasts, with residual fine
sediment (\ 50 lm) collected and retained in a settling
container. Material collected on all the sieves was
manually processed for invertebrates.Once samples had
been processed for invertebrates all grains (\2 mm)
were combined with the residual fine sediment in the
container and left to settle. Fine sediment samples
(\2 mm) were oven dried at 60C until a constant
weight was recorded (Pacioglu et al., 2012). Samples
were gently disaggregated, passed through a sieve nest
(2, 1 mm and 125 lm) and each fraction weighed to
determine the grain size distribution (Gordon et al.,
1994). All invertebrates were identified to the lowest
taxonomic level possible, usually species or genus with
the exception of Oligochaeta (order), Diptera families
(including Chironomidae, Tipuldae, Simuliidae and
Ceratopogonidae) and Coleoptera (family).
Statistical analysis
Compositional differences in the invertebrate commu-
nities between riffle heads and tails and cylinder design
were examined using non-metric multidimensional
scaling (NMDS). Similarity matrices were calculated
using Bray–Curtis similarity coefficients following log
transformation of raw abundances (log(x ? 1)). One-
way Analysis of Similarities (ANOSIM) were used to
test the null hypotheses H0 (no significant differences
in communities at the head and tail of riffles) and H1
(no significant difference in communities between
VHE and VE cylinders). Taxa contributing to the
divergence of the communities were identified through
the application of the similarity percentage (SIMPER)
and tested for statistical differences where abundances
were high enough. All multivariate analyses were
performed in PRIMER software (Version 6.1.16,
PRIMER-E Ltd, Plymouth, UK).
Community abundance and taxa richness data were
standardised (Z-scores) prior to further analysis (Zar,
1999; Martin-Smith & Armstrong, 2002). Functional
feeding traits based on Tachet et al. (2010) and
abundances of taxa characterised as highly or moder-
ately sensitive to sediment as defined by the Fine
Sediment Sensitivity Ratings (FSSR given in Extence
et al., 2013) were calculated for each sample. Feeding
traits were assigned based on the dominant weighted
group (fuzzy coded categories). Where a taxon had
equal weightings for two categories, taxon abundance
was assigned to both groups. In addition, individual
taxon and Ephemeroptera, Plecoptera and Trichoptera
(EPT) abundances were examined. Feeding trait
groups, sediment sensitive macroinvertebrates, EPT
and individual taxa abundances were ln(x ? 1) trans-
formed prior to analysis to comply with the underlying
assumptions of the statistical tests (Gayraud et al.,
2003; McMullen & Lytle, 2012).
Sediment analysis was conducted on raw grain size
distribution (GSD) data. A linear mixed effects (LME)
model was employed to examine grain size differences
with regards to location in riffle (head or tail) and by
cylinder design (VHE or VE cylinders). A LME was
also employed to identify statistical differences for
each of the macroinvertebrate community descriptors
in the same manner. Models were fitted using the
‘nlme’ package in R Version 3.1.2 (R development
Core Team, 2014). Location and cylinder design were
specified as fixed factors and riffle site specified as a
random factor to reflect that cylinders (both sediment
deposition rates and invertebrate communities) at
individual riffles are less independent then those at
different riffle sites. The model was fitted using the
restricted maximum likelihood (REML) estimation
function.
Results
Vertical hydraulic exchange in riffle heads was
downwelling at four out of five sites examined, with
riffle tails characterised by upwelling water (all sites).
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The magnitude of vertical hydraulic exchange varied
and ranged from ?2.5 cm (upwelling) to -1.2 cm
(downwelling), with some sites experiencing limited
exchange, reflecting the stable and declining flow
conditions.
Fine sediment deposition rates of riffle heads
and tails
Variability in sediment deposition between riffle heads
and tails
VHE cylinders More fine sediment in the 2–1 and
1 mm–125 lm fractions was deposited at the riffle
tail, although there were negligible differences for the
\125 lm fraction (Fig. 3a). However, GSD did not
differ significantly (LME P[ 0.05) between the head
and tail of riffles. Average fine sediment infiltration
rates were 0.00372 kg m-2 day-1.
VE cylinders There was a significantly greater
volume of 1 mm–125 lm sediment deposited in riffle
tails than heads (LME F1, 39 = 5.445, P = 0.025),
although differences for other size fractions were not
significant (LME P[ 0.05; Fig. 3b). Average fine
sediment infiltration rates were 0.00264 kg m-2
day-1
Sediment deposition variability by cylinder design
Fine sediment deposition of 1–125 lm and\125 lm
size fractions differed significantly between both
cylinder designs in the riffle head (LME F1, 36 =
4.600, P = 0.039; and F1, 36 = 4.770, P = 0.036) and
tails (LME F1, 42 = 10.776, P = 0.002; and
F1, 42 = 9.021, P = 0.005). In both instances, signif-
icantly greater quantities of fine sediment were
deposited in the VHE cylinders (Fig. 4). VHE cylin-
ders collected on average an additional 0.00108
kg m-2 day-1 when compared to VE cylinders.
Variability in the colonisation cylinder
invertebrate community between riffle heads
and tails
A total of 3401 individuals were recorded in the 91
colonisation cylinders, of these 1663 occurred in the
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Fig. 3 Mean (?1 SE) infiltration rates (kg m-2 day-1) by grain
size on Black Brook for: a VHE cylinders and b VE cylinders.
Shaded = riffle head and open = riffle tail. Significant differ-
ences between riffle heads and tails for individual grain sizes are
indicated by asterisks (P\ 0.05; LME)
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Fig. 4 Mean (?1 SE) infiltration rates (kg m-2 day-1) by
colonisation cylinder design on Black Brook for: a riffle head
and b riffle tail. Shaded = VE cylinders and open = VHE
cylinders. Significant differences between the two cylinder
designs (VHE and VE) for individual grain sizes are indicated
by asterisks (P\ 0.05; LME)
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47 VHE cylinders and 1738 in the 44 VE cylinders. A
total of 32 taxa were recorded in all cylinders, of these
all 32 were present within the VHE cylinders and 20
were recorded in the VE cylinders. Samples were
dominated by Chironomidae (comprising multiple
taxa) which accounted for 78 and 84% of the total
abundance in VHE and VE cylinders, respectively.
The stonefly larvae Chloroperla torrentium (Pictet,
1841) was the second most abundant taxa representing
11% of the community in VHE cylinders and 5% of
the community in VE cylinders. The freshwater
amphipod Gammarus pulex (Linaaeus, 1758) was
the third most abundant taxa in the community
representing 2% of the VHE cylinder community
and 5% of the community in VE cylinders.
VHE cylinder: NMDS ordination of the VHE
cylinder community (Fig. 5a) indicated no significant
distinction between invertebrate community compo-
sition from the head or tail of riffles (ANOSIM
R = 0.038, P = 0.12). There were no significant
differences detected in community abundance or taxa
richness between riffle heads and tails (LME
P[ 0.05). Significantly more EPT and sediment
sensitive taxa were present in riffle heads (LME
F1, 29 = 6.368, P = 0.010 and F1, 31 = 8.312,
P = 0.007 respectively; Fig. 6a, b). No statistical
differences were detected in scraper, predator and
filterer abundances (LME P[ 0.05) whilst signifi-
cantly more shredders were found in riffle heads (LME
F1, 32 = 12.103, P = 0.002). The stonefly, C. torren-
tium was significantly more abundant in riffle heads
(LME F1, 27 = 15.888, P\ 0.001; Fig. 6c). All
significance values are presented in Table S1.
VE cylinders NMDS ordination of the VH cylinder
community (Fig. 5b) indicated a significant distinc-
tion between invertebrate communities at the head and
tail of riffles (ANOSIM R = 0.124, P = 0.005).
There were no significant differences detected in
community abundance, taxa richness or EPT abun-
dances (Fig. 6a) between riffle heads and tails (LME
P[ 0.05). Significantly greater abundances of sedi-
ment sensitive taxa and shredders were determined in
riffle heads (LME F1, 32 = 5.773, P = 0.022; Fig. 5b
and F1, 1,31 = 13.546, P\ 0.001), whilst there were
Fig. 5 Non-metric
multidimensional scaling
(NMDS) of
macroinvertebrate
community data from riffle
heads and tails on Black
Brook: a VHE colonisation
cylinder and b VE
colonisation cylinder
invertebrate communities
(log(x ? 1) transformed)
based on Bray–Curtis
similarity coefficients. Solid
symbol = riffle head and
open symbol = riffle tail
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no differences in scrapers, filterers and predators
determined (LME P[ 0.05). Abundances of the
amphipod, G. pulex were significantly greater in riffle
heads (LME F1, 18 = 9.294, P = 0.006; Fig. 6d). All
significance values are presented in Table S1.
Variability in invertebrate community by cylinder
design
NMDS ordination of colonisation cylinder communi-
ties (both head and tail combined; Fig. 7a) indicated a
Fig. 6 Mean (±1 SE) difference in the colonisation cylinder
macroinvertebrate community metrics for riffle heads and tails
on Black Brook: a EPT taxa; b sediment sensitive taxa; c C.
torrentium; and d G. pulex. Diamonds and dotted line = VHE
cylinders; and circles and solid line = VE cylinders. Locational
differences within design are indicated by the same letter
(P\ 0.05, LME)
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Fig. 7 Non-metric multidimensional scaling (NMDS) of
macroinvertebrate community data (log(x ? 1) transformed)
from riffle heads and tails on Black Brook: by a colonisation
cylinder design for all sites; b cylinder design in riffle heads; and
c cylinder design in riffle tails using the Bray–Curtis similarity
coefficients. Open triangles = VHE colonisation cylinders and
solid triangles = VE colonisation cylinders
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significant distinction in the invertebrate community
within VHE and VE cylinders (ANOSIM R = 0.028,
P = 0.05). When location within the riffle was
considered (Fig. 7b, c), significant differences in the
invertebrate community within VHE and VE cylinders
in the riffle head were observed (ANOSIM R = 0.124,
P = 0.005) but there were no significant differences in
the riffle tails (ANOSIM R = 0.016, P = 0.669).
There were no significant differences in community
abundance or taxa richness (LME P[ 0.05) by
cylinder design or location (head or tail). EPT taxa
demonstrated significant differences by cylinder
design in riffle head (LME F1, 29 = 11.304,
P = 0.002; Fig. 6a) with VHE cylinders supporting
greater abundances. No significant differences were
recorded for any of the functional feeding groups
(LME P[ 0.05). When individual taxa were consid-
ered in riffle heads, VHE cylinders supported signif-
icantly greater numbers of C. torrentium (LME
F1, 28 = 14.690, P\ 0.001) whilst VE supported
greater abundances of G. pulex (LME F1, 17 = 7.317,
P = 0.010; Fig. 6c, d). No significant differences by
cylinder design were recorded for any of the metrics/
species tested in the riffle tails (LME P[ 0.05). All
significance values are presented in Table S2.
Discussion
The influence of vertical and horizontal flow
on sediment deposition rates
This study sought to examine the influence of vertical
and horizontal flows on the deposition of fine sediment
in the field. A number of studies have examined the
impact of flow pathways on fine sedimentation under
laboratory flume conditions (e.g. Huettel et al., 1996;
Ren& Packman, 2007; Boano et al., 2014). The results
of this field experiment indicate that interstitial flow
(vertical and horizontal, or just vertical) exerted a
strong influence on the amount of fine sediment
deposition. Sediment accumulation over the experi-
mental period was greatest in the VHE cylinders,
demonstrating that subsurface flows represent an
important mechanism of fine sediment transport that
have been largely ignored (Petticrew et al., 2007;
Rosenberry et al., 2012).
Experiments under controlled flume conditions
have demonstrated that sediment traps which only
allow vertical exchange (VE cylinders) reduce the
trapping efficiency of fine sediment by up to 31%
compared to solid-walled containers (Carling, 1984),
most likely as a result of horizontal subsurface flows
being disconnected. This field study recorded similar
results with solid-walled containers (VE cylinders)
collecting 29% less fine sediment. In contrast to
ecological studies, which have employed perforated
cylinders to aid invertebrate colonisation (Paciogula
et al., 2012; Descloux et al., 2013), many geomorphic
studies employ solid-walled containers to measure fine
sediment infiltration (Beschta and Jackson 1979;
Frostick et al., 1984; Wood & Armitage, 1999).
Consequently, many historic studies would have
probably underestimated the ingress of fines into the
bed, and recent research has demonstrated that hori-
zontal subsurface flows transport significant amounts
of fine sediment (Petticrew et al., 2007). The differ-
ences in sediment accumulation between the two
cylinder designs in this study indicate that the two
designs can be used in parallel to provide an estimation
of the relative contribution of vertical and horizontal
hydraulic exchange to sediment infiltration under field
conditions.
Sedimentation rates during the experimental period
were greater at the tail of riffles; although with the
exception of the 1 mm–125 lm fraction within the VE
cylinders, differences were not statistically significant.
It was anticipated that sedimentation rates would be
greatest at riffle heads, due to the presence of
downwelling water (Brown & Brussock, 1991;
Saenger et al., 2005); however, it is likely that the
stable low flow conditions (baseflow) may account for
the observed patterns in this study. Infiltration rates in
this study (average 0.00318 kg m-2 day-1) were
lower than many other studies (Frostick et al., 1984;
Sear, 1993; Wood & Armitage, 1999), reflecting the
highly vegetated riparian zone of the stream (head-
waters) with comparatively little direct fine sediment
inputs at the study site. Despite these low rates and
baseflow conditions, the role of vertical and subsur-
face hydrological exchange on fine sediment deposi-
tion was still clearly evident.
Cylinders were left in situ for 3 weeks and reflected
the deposition patterns over the relatively short-time
scale of which they were deployed. As a result, they
are not suitable for estimating long-term fine sediment
dynamics unless employed on multiple occasions over
the full range of the hydrograph. However, this study
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clearly highlights the need to account for the flow
regime present when interpreting results from fine
sediment deposition studies. Short-term increases in
discharge (over several days or a week) will result in
elevated fine sediment mobilisation and consequently
the results recorded will be a function of this
variability. As a result, it is vitally important that the
objectives of investigations which employ sediment
traps are clearly established and that they are deployed
under appropriate hydrological conditions in the field.
Macroinvertebrate community and taxa specific
associations with vertical and horizontal exchange
This study sought to examine the influence of vertical
and horizontal flows at the head and tail of riffles and
the associated sediment characteristics on macroin-
vertebrate community composition. Only a relatively
small number studies have documented differences in
community characteristics at the heads and tails of
riffles (Brown & Brown, 1984; Pepin & Hauer, 2002;
Davy-Bowker et al., 2006). In this study, NMDS
ordination indicated that cylinders which permitted
only vertical hydraulic exchange (VE cylinders)
supported distinct macroinvertebrate assemblages at
the head and tail of riffles. In contrast, VHE cylinders
supported similar communities at both the heads and
tails and riffles. These subtle community differences at
the riffle scale may be partially explained by the
method of colonisation (Fig. 2). For VE cylinders, the
method of colonisation was exclusively via vertical
migration. In contrast, VHE cylinders could be
colonised both horizontally and vertically resulting
in greater colonisation opportunities and higher num-
bers of taxa being recorded.
When faunal indicator groups (EPT taxa and
sediment sensitive taxa) were considered, significant
differences between riffle head and tail communities
were detected for both cylinder designs. Riffle tail
communities were characterised by greater accumu-
lations of fine sediment and supported less EPT taxa
and sediment sensitive taxa. The composition of
macroinvertebrates associated with fine sediment by
location within the riffle (head or tail) indicates that
fine sediment content is one of the primary factors
controlling macroinvertebrate communities (Larsen
et al., 2011; Wagenhoff et al., 2012).
Riffle head communities in both cylinder designs
supported greater abundances of shredders, potentially
as a function of the enhanced availability of organic
matter (although this factor was not measured in this
study; Findlay et al., 1993; Negishi & Richardson,
2003). Although the distribution of organic matter is
often patchy, higher amounts of organic matter are
typically found in downwelling sections of pool/riffle
sequences (Pusch, 1996; Brunke & Gonser, 1999). VE
cylinders subject to only vertical hydraulic exchange
supported significantly greater abundances of the
amphipod shredder G. pulex compared to the VHE
cylinders at riffle heads. G. pulex have been widely
documented to migrate vertically to utilise benthic and
hyporheic sediments (Mathers et al., 2014), and may
seek refuge from adverse environmental conditions
and predation in subsurface habitats (McGrath et al.,
2007; Wood et al., 2010). In contrast, VHE cylinders
supported greater abundances of the stonefly C.
torrentium. Colonisation for this species may have
been aided by the presence of perforations that
facilitated horizontal migration via burrowing (Hood,
1997; Xu et al., 2012). Results indicate that the use of
different cylinder designs may allow the primary route
and mode of colonisation for some invertebrate taxa to
be determined.
Conclusion
Macroinvertebrate colonisation cylinders have wit-
nessed a recent increase in use due to the growing
implementation of in situ field experiments (Pacioglu
et al., 2012; Descloux et al., 2013). Results from the
study demonstrate that under stable flow conditions,
differences in the faunal distribution of macroinver-
tebrates in riffle heads and tails were observed. Riffle
head communities were characterised by a greater
number of sediment sensitive taxa which reflects the
patterns of sedimentation and nature of hydraulic
exchange experienced during the study period. The
use of two designs of colonisation cylinders also
showed that horizontal subsurface flows represent an
important pathway in the transport of fine sediment.
The application of VE and VHE cylinders concur-
rently may provide a means of collecting in situ
measurements which could enable the relative impor-
tance of vertical and horizontal hydraulic exchange on
fine sediment dynamics (deposition and flushing) to be
established in other locations. However, the study also
illustrates that care is required when interpreting
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results derived from colonisation cylinders and sedi-
ment traps, with a clear need to contextualise the
hydrological conditions during the study period (hy-
drograph stage). Colonisation cylinders provide an
effective means of identifying the meso-scale factors
driving invertebrate structures in situ, through the
detailed examination of substratum, organic matter
content and hydrological exchange under natural field
conditions. These experiments could be further
enhanced through the manipulation of fine sediment
contents under a wide range of flow conditions to
determine sediment infiltration rates and the condi-
tions under which fine sediments are flushed from the
bed.
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